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Abstract 
  Exposed sediment profiles of the panhandle of western Oklahoma have 
previously been shown to contain two peak abundances of nanodiamonds, one dated 
approximately to the Younger Dryas and the other from the Late Holocene. The 
sediments of the Bull Creek Valley contain numerous Clovis culture artifacts and 
megafauna remains that disappeared after the Younger Dryas Boundary Layer. 
Firestone et al. have proposed that the reason for this sudden disappearance is a bolide 
impact that broke apart in the atmosphere, scattering debris across the world (2007). 
Nanodiamonds could be evidence for such an impact. In this study, I examined 12 
additional samples collected at the same time as those reported by Bement et al. (2014) 
but not analyzed for nanodiamond content using Transmission Electron Microscopy 
(TEM). These samples were collected at various locations along the same Bull Creek 
valley, Oklahoma, including sediments older than those analyzed by Bement et al. 
(2014) and an additional nearby location that crosses the Younger Dryas Boundary. No 
nanodiamonds were found in these samples. However, the results may not be indicative 
of the true nanodiamond abundance.  In a further test, a grid was prepared from a 
sediment digest solution shown by Bement et al. (2014) to have a peak abundance of 
nanodiamonds.  No nanodiamonds were observed in this sample, suggesting that the 
nanodiamonds may have a finite lifetime when preserved in an ammonium hydroxide 
suspension. Additionally, Raman spectroscopy was investigated and ruled out as a 
means of screening samples for nanodiamond content more quickly and easily. Prepared 
samples of sediment solution previously confirmed to have nanodiamonds showed no 
Raman peaks associated with diamonds, though this could also have been the result of 
 x 
the ammonium hydroxide suspension storage. However, samples of untreated 
commercial nanodiamonds also did not exhibit any characteristic diamond peaks, 
though possible peaks may have been obscured by heavy fluorescence.   
Finally, the samples that were confirmed by Bement et al. (2014) to have 
nanodiamonds were divided into groups based on the ages of their sediments and high-
resolution (HRTEM) images of them were examined for the textures of individual 
grains in order to gain a better insight of how they may have formed. The textures were 
categorized as having no lattice fringes, partial fringes, continuous fringes, linear twins, 
nonlinear twins, or star twins.  The nanodiamond grains in the Younger Dryas 
Boundary group had the lowest ratio of linear to nonlinear grains and one of the highest 
ratios of star twins to twins, both of which are indicative of a chemical vapor deposition 
formation mechanism.  
This is the first study to analyze and compare nanodiamond textures from the 
same stratigraphic area. The differences found between the older and younger 
nanodiamonds suggests that further studies comparing textures across spatial and 
temporal boundaries could lead to more definite signatures indicative of their origins. 
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Chapter 1. Introduction 
 Younger Dryas 
The Younger Dryas Climate Event 
The Younger Dryas climate event, which started about 13,000 years ago and 
lasted for approximately one thousand years, was a period of global cooling and glacier 
advancement that interrupted an otherwise warming progression of the Bølling-Allerød 
interstade and left behind a deposit of carbon-rich, black mats throughout the Northern 
hemisphere (Mahaney et al., 2013; Petaev et al., 2013). The Younger Dryas cooling is 
associated with the disappearance of the Clovis Culture and the extinction of most of 
the megafauna in North America, as remnants of both appear in the layer just below that 
of the Younger Dryas, but not within or above (Firestone et al. 2007). While there are 
many hypotheses for the cause of this cooling event and the subsequent extinctions, the 
scientific community lacks a consensus (e.g. Carlson, 2010; Firestone et al., 2007; 
Holliday et al., 2014; Petaev et al., 2013; Renssen et al., 2015; Wittke et al., 2013). 
Impact Hypothesis and Nanodiamonds 
An impact event has been proposed to be the cause of the climatic cooling 
during the Younger Dryas (e.g., Kennet et al., 2015; Kinzie et al., 2014). In support of 
this, a peak abundance level of nanodiamonds has been found in stratigraphic layers 
corresponding to the Younger Dryas boundary in several locations throughout the 
Northern Hemisphere, including in the Greenland Ice Sheet (Kinzie et al., 2014; 
Kurbatov et al., 2010). A possible impact event and the consequences thereof could 
explain the poorly understood extinction of the megafauna of North America and the 
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disappearance of the Clovis culture (Firestone et al., 2007). Positively identifying 
nanodiamonds in soil is very difficult and requires a great deal of sediment processing 
and imaging challenges, which means that the literature on the subject—and by 
association, our understanding of their place in the sedimentary record—is lacking. 
While nanodiamonds can be generated reproducibly in a laboratory setting, the 
processes that have been successful require lasers or detonation and therefore are 
unlikely to have contributed to the ancient geologic record (e.g., DeCarli and Jamieson, 
1961; Peng et al., 2001; Kinzie et al., 2014).  
Nanodiamond evidence for a Younger Dryas impact hypothesis was first 
proposed by Firestone et al. in 2007. Researchers opposed to this idea have suggested 
that the nanodiamonds formed entirely from terrestrial processes, such as wildfires or 
from Clovis hearths (e.g. Paquay et al., 2009), though other researchers maintain that 
forest fires do not reach high enough temperatures to form nanodiamonds (Bunch et al.; 
2010). Daulton et al. attempted to replicate the nanodiamond results reported by 
Firestone et al. without success; however, they only analyzed crushed carbonaceous 
spherules from one site.  In contrast, Bement et al. sampled entire sediment profiles 
from several different sites (2010; 2014) including those sampled by Kennet et al. 
(2009) and reproduced the YDB nanodiamond spike.  Kloosterman et al. (2013) have 
suggested that scientists supporting the impact hypothesis did not actually sample the 
Younger Dryas boundary layer. Kennet et al. used Bayesian chronological modelling on 
23 sediment profiles across the world to establish a date for the Younger Dryas 
Boundary that is consistent with the age of the sediments in which nanodiamonds have 
been found (2015).  Bement et al. found nanodiamonds in the Bull Creek study area 
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with textures suggestive of an impact event; furthermore, they were unable to find 
nanodiamonds at the site of a Clovis culture hearth (2014). 
Other Evidence for an Impact 
In further support of the impact hypothesis, Bunch et al. found silica and iron-
rich microspherules exclusively in sediment layers dated to the Younger Dryas whose 
geochemical signature appears to be similar to materials formed by cosmic impacts with 
Earth materials (2012). Mahaney et al. found similar results from their studies of a 
Younger Dryas layer in the Andes (2013). Petaev et al. found evidence for an impact in 
the form of a platinum peak corresponding to the Younger Dryas in Greenland Ice Sheet 
Project cores; they suggest that the impact could have been caused by a meteorite that 
had a high level of platinum and a low level of iridium (2013). Wittke et al. found about 
10 million tons of carbon spherules scattered across approximately 50 million square 
kilometers in the northern hemisphere, which is consistent with other known impact 
strewnfields (2013).  
Nanodiamonds at Other Impact Events 
Nanodiamonds have been found to be associated with commonly established 
impact events as well. Carlisle & Braman found nanodiamonds in clay from the 
Cretaceous-Tertiary boundary after they treated the sediment with dissolution and 
oxidation procedures known to liberate nanodiamonds from some meteorites (1991). 
Gilmour et al. studied the isotope ratios of the K-T boundary nanodiamonds and found 
that their signatures more closely matched terrestrial signatures than cosmic signatures, 
hypothesizing that those nanodiamonds formed on Earth during the impact or resulting 
fireball (1992). 
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Nanodiamond Textures and Their Implications 
Nanodiamond textures can give insight into how the nanodiamonds were 
formed. Daulton et al. studied nanodiamonds created in a lab setting using both shock 
detonation and chemical vapor deposition (CVD) methods in order to better understand 
how the nanodiamonds found in meteorites older than the solar system may have 
formed (1996). They observed by high-resolution transmission electron microscopy 
(HRTEM) that linear twins were far more common in the shock detonation diamonds, 
but that nonlinear and star twins dominated the CVD diamonds and the nanodiamonds 
in meteorites (Daulton et al., 1996). Shock detonation formation of nanodiamonds 
occurs when a carbon-rich material is hit hard enough to rearrange the atoms. CVD 
formation mechanisms involve atoms from a vapor cloud crystallizing directly into the 
new form. Kinzie et al. have suggested that the nanodiamonds observed in the Younger 
Dryas Boundary Layer could have formed from the vapor cloud around the fireball of a 
meteor passing through the atmosphere (2014). In support of this, the carbon isotopic 
signatures and carbon/nitrogen ratios of the carbon spherules suggest a terrestrial origin 
of the material (Tian et al., 2011).   
Some of the textures observed in the Bull Creek valley study area similarly 
include fivefold star twins, strain fringes, linear twins, and nonlinear twins (Bement et 
al., 2014). Twinning refers to the phenomenon of multiple crystals sharing the same 
lattice plane. The fivefold symmetry of star twins in carbonaceous grains is unique to 
diamonds, although it can also be found in some metallic nanoparticles (Elwood 
Madden et al., 2013). Star twins and strain fringes were found in samples at the Bull 
Creek, Hearth, and Leavengood sites in the Bull Creek valley (Elwood Madden et al., 
 5 
 
2013). Linear and nonlinear twins differ in their twin boundaries, with parallel linear 
twins halting at the surface of the crystal and oblique nonlinear twins at the crystal 
surface or the intersections of the twins (Daulton et al, 1996). Linear twinning was 
found in samples at the Bull Creek site and nonlinear twinning was observed in samples 
from the Hearth and Leavengood sites (Elwood Madden et al., 2013). Star twins and 
nonlinear twins are characteristic of isotropic growth such as that found in chemical 
vapor deposition processes, whereas linear twins form from anisotropic growth such as 
that resulting from shock detonation (Daulton et al., 1996).  
While all of the textures could correspond with the face centered cubic n-
diamond phase of diamond, rather than the cubic phase; it has also been suggested that 
these features could also be consistent with cubic diamond (Cowley et al., 2004; 
Elwood Madden et al., 2013; Németh et al., 2015). The lattice fringes of the Bull Creek 
nanodiamonds that span whole crystals exhibit interplanar spacings and textures 
consistent with diamond phases, but not combinations of graphite, graphene, and 
graphene (Elwood Madden et al., 2013). One of the characteristic features of n-
diamonds is that the electron scattering of the {100} planes doesn’t completely 
destructively interfere with the scattering of the {200} planes so that the former is 
observable, in contrast to cubic diamonds in which the {100} planes are absent from 
diffraction patterns (Cowley et al., 2004). However, Németh at al. have demonstrated 
that these forbidden zones can also be observed in regular cubic diamond in particularly 
thick samples or generated through additional sets of twins that are too difficult to 
observed using standard HRTEM methods (2015). Although one cannot definitively say 
whether the Bull Creek valley nanodiamonds and those reported by others are cubic or 
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‘n-diamond’, they are nonetheless present in the sediment samples with textures 
characteristic of chemical vapor deposition. 
Kinzie et al. (2014) summarized nanodiamond presence and absence in Younger 
Dryas Boundary layers, and while they mentioned some details about textures, they did 
not perform a systematic analysis of the textures they found in different sites or 
different layers. Since nanodiamond textures are used to infer the conditions of their 
formation, more expansive research documenting nanodiamond textures could constrain 
the processes that contribute nanodiamonds to the sedimentary record throughout time. 
This study is the first step is the first step to filling that gap. 
Raman Spectroscopy 
Raman spectroscopy could potentially be a very useful tool for nanodiamond 
screening as it requires very little sample preparation and is mostly non-destructive 
(Nasdala et al., 2004).  Currently, samples for nanodiamond analysis are screened using 
a lower resolution TEM before moving on to a high resolution TEM, in a process much 
like looking for a needle in a haystack. Raman has been used to study nanodiamonds 
collected from natural systems before; Kurbatov et al. used Raman spectroscopy to 
confirm that the nanodiamonds they found were n-diamond and not copper or rutile 
(2010). Raman spectroscopy could offer a much easier and faster alternative to 
indicative whether or not samples contain any nanodiamonds at all.  
Since Raman is very sensitive to bonds, the sp
3
 bonded C in diamond should be 
distinct from sp
2
-bonded carbon in graphite, graphene, and graphane (Mochalin et al., 
2008). Diamond peaks occur around 1332 cm
-1
, red-shifted in nanodiamonds due to 
their small size (Mermoux et al., 2014). Unfortunately, the cross-section for Raman 
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excitation of diamond bonds with most typical Raman excitation wavelengths is much 
smaller than that for most graphitic materials, so it is difficult to detect them (Osswald 
et al., 2006). Nanodiamond surfaces are also very sensitive to their environment.  
Heating, oxidation, etc. can lead to a surface coating of sp
2
-C that blocks the detection 
of the sp
3
 carbon in the core of the particle (Cebik et al., 2013). 
Field Site 
All of the samples were taken from profiles along Bull Creek in the western 
Oklahoma panhandle (Figure 1) where there is an existing record of sediment that 
crosses the Younger Dryas Boundary. The samples were taken from multiple profiles in 
the area at different spatial locations, from which they are named. The samples are 
fluvial and aeolian sediments deposited in the Bull Creek valley during the Holocene 
(Arauza et al., 2015).  
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Figure 1. Map of the study area in western Oklahoma panhandle. This study 
focuses on the Bull Creek, Clovis, Hearth, Leavengood (Bull Creek III), and 
Beaver (not pictured) sites. The sites marked “T” are from the Arauza et al. study 
from which this map was taken (2015). 
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Chapter 2. Objectives and Hypotheses 
Objectives 
In this study, I investigate nanodiamonds (NDs) in the stratigraphic layer 
corresponding to and surrounding the Younger Dryas climate event in the Bull Creek 
area of western Oklahoma and compare the textures of the nanodiamonds to those that 
have already been found in the region. I also compare the nanodiamonds to see how the 
textures and distribution relate through time. Furthermore, I evaluate whether or not 
Raman spectroscopy is an efficient method to screen for nanodiamonds. Finally, I 
analyze the nanodiamonds found by Bement et al. and categorize them by texture 
(2014). 
Hypotheses 
I hypothesize that 1) there is a peak abundance of nanodiamonds throughout the 
Younger Dryas boundary layer in western Oklahoma that is not present in other layers; 
2) that the nanodiamonds have isotropic textures associated with “defective” cubic 
structures thought to come from impact events; and 3) that the sediment samples dating 
to the Younger Dryas and Younger Dryas Boundary will have textures more closely 
associated with a CVD formation mechanism than the nanodiamonds in the younger 
sediments (Bement et al., 2014). 
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Chapter 3. Methods 
Selection of samples for nanodiamond analysis by TEM 
Bement et al. processed 71 sediment samples, all of which were analyzed for 
sediment properties and cultural artifacts (2014). However, only 48 of those samples 
were analyzed for nanodiamonds in their 2014 study. The 12 samples (Table 1) in this 
study come from the 23 sediment digestions that have not yet been examined for 
nanodiamonds. The samples include some from the same location, but different places 
within the vertical stratigraphic column (ranging from about 11,000 to 8200 radiocarbon 
years before present, which includes the Younger Dryas at about 10,900 RCYBP), and 
some from different spatial locations (Bement et al., 2014). The profiles from which the 
samples come have already been carefully studied for their sedimentological, 
archaeological, and soil science contexts; additionally, they have already been 
meticulously carbon dated.  
  
 11 
 
 
Sample 
14
C Yr BP Cal. Yr BP 
BC Clovis 23 9570 ± 50 10,720-11,130 
BC Clovis 22d 10,280 ± 50 11,820-12,380 
BC Clovis 22c 10,280 ± 50 11,820-12,380 
BC Clovis 22b 10,280 ± 50 11,820-12,380 
BC Clovis 22a 10,280 ± 50 11,820-12,380 
BC Clovis 21 11,710 ± 70 13,390-13,750 
BM1 3 26,880 31,705 
BM1 4 27,940 32,426 
BM1 5 38,160 42,538 
BM2 4 25,800 30,838 
BM2 5 26,080 31,010 
BM2 6 >26,080 >31,010 
 
Table 1. List of the samples, and their approximate ages, studied examined using 
Transmission Electron Microscopy. The ages for the BC Clovis samples came from 
Arauza et al. (2015). The BM sample ages are from personal communications with 
L. Bement.  
 
Raman Spectroscopy 
Samples of commercial nanodiamonds and BC51, which was already confirmed 
to have a peak abundance of nanodiamonds by Bement et al., were dropped in 
suspension onto various substrates after being in a sonic bath and analyzed using a 
Renishaw InVia scanning Raman spectrometer. A 532 nm laser was used to spot 
analyze at very low power levels (0.0001%) for 5 seconds and 5 accumulations at a time 
at a magnification of 50x in an attempt to prevent fluorescence or burning. Glass, 
quartz, silicon, and muscovite were all used as substrates since they were not expected 
to have peaks that might interfere with potential nanodiamond peaks.  
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Transmission Electron Microscopy 
The samples were prepared for Transmission Electron Microscopy by 
centrifuging, at 3000 rpm for 30 minutes, a solution of the processed sample and water, 
in a 1:2 ratio, with a molybdenum TEM grid at the bottom of the tube. Afterwards, the 
grid was removed from the centrifuged solution and excess moisture was wicked away 
using a Kim wipe. It is necessary to use a molybdenum grid with ultrathin carbon film 
because the film is approximately the same thickness as the nanodiamonds and will 
therefore provide the minimum possible interference with energy dispersive 
spectroscopy (EDS) (Kinzie et al., 2014). 
After preparing the grids, the samples were scanned for possible nanodiamond 
content by conventional TEM using a JEOL 2000FX TEM. At this stage, Energy 
Dispersive Spectroscopy (EDS) was also used to perform elemental analyses. While 
EDS can confirm the elemental composition of a sample, it cannot determine the 
structure or texture of a particle, and was therefore insufficient to identify 
nanodiamonds. 
Samples that were thought to contain possible nanodiamonds were then 
examined using high resolution TEM (HRTEM) with a JEOL 2010F High Resolution 
TEM. At this stage, nanodiamond identification and texture analyses were possible. 
Textural Analysis 
Photographs of samples that were previously found to have a peak abundance of 
nanodiamonds by Bement et al. (Table 2) were studied and the lattice structures of the 
visible grains on each photograph were characterized by texture (2014). Each 
nanodiamond grain was classified into  categories including “no fringes” for grains 
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where no lattice fringes were visible; “partial” for grains where only partial lattice 
fringes were visible; “continuous” for grains that had lattice fringes throughout the 
entire grain but did not have any twins; “linear” for grains that had a single twin or 
multiple linear twins; “nonlinear” for grains that had nonlinear twins; and “star twin” 
for grains that had the characteristic fivefold symmetry of star twins (Figure 2).  The 
grains categorized as partials were assumed to be twins for analysis purposes because in 
some sets of photos, the same grain will appear to be partial in one photo and a twin in 
another (Figure 3); partial grains are very likely twinned grains of some sort that are 
oriented so that only part of the lattice structure can be seen at different focuses. 
Sample Depth (cmbs) Age  
BC52 0--10 Late Holocene 
BC51 10--20 Late Holocene 
BC38 134--144 PreBoreal/Atlantic 
BC36 151--161 PreBoreal/Atlantic 
BC35 161--171 PreBoreal/Atlantic 
BC25 252--262 Younger Dryas 
BC24 262--269 Younger Dryas 
BC23 279-289 Younger Dryas 
BC21 298--307 
Younger Dryas 
Boundary 
BC20 307--312 
Younger Dryas 
Boundary 
Hearth 22 100--110 Late Holocene 
Hearth 19 132--142 Late Holocene 
Hearth 17 153--164 Late Holocene 
LEA19 302--310 Younger Dryas 
LEA20 331--341 
Younger Dryas 
Boundary 
LEA22 387--399 Dansgaard-Oeschger 
Table 2. Previously studied samples (that were confirmed to have nanodiamonds 
by Bement et al.), the depth at which they were taken (in centimeters below the 
surface), and their approximate ages (2014). 
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Figure 2. Texture examples. A is a grain with no lattice fringes from BC24; B is a 
grain with partial fringes from Hearth 17; C is a grain with continuous fringes 
from Hearth 22; D is a grain with linear twins from BC35; E is a grain with non-
linear twins from BC52; F is a star twin from LEA19. The black lines on D and E 
indicate where the twin boundaries are. 
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Figure 3. Two pictures of the same grain. The picture of the left would be 
categorized as a “partial” texture, whereas the picture on the right would be a 
linear twin. 
 
The samples were first grouped by the locations within the Bull Creek Valley 
where they were collected. Then they were grouped by approximate age so that the 
Younger Dryas Boundary could be compared to other periods of time (Table 3). The 
time groupings were taken from the Bement et al. paper and include the Late Holocene 
(less than 3000 radiocarbon years before present), PreBoreal/Atlantic (a climatic aridity 
event about 9,850 RCYBP), the Younger Dryas (roughly 10,000 to 11,000 RCYBP), 
and the Younger Dryas Boundary (about 11,000 RCYBP) (2014).  
Finally, following the example of Daulton et al., the ratios of linear twins to 
nonlinear twins, star twins to overall twins, and twins to single grains were calculated 
(1996). These ratios enable for better comparisons of different formation mechanism 
textures. 
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Table 3. The results of the textural analysis for the previously studied samples, 
organized by location. 
 
Chapter 4. Results and Discussion 
Raman spectroscopy 
Results 
Commercial nanodiamonds were analyzed at very low power on a muscovite 
substrate, but no significant peaks were visible above the noise of the background 
(Figure 4). The sample BC 52, which was confirmed to have a high peak abundance of 
nanodiamonds by Bement et al., was also examined on substrates of muscovite, silicon, 
glass, and quartz (Figure 5) (2014). Again, no significant peaks were visible above the 
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background noise. Comparing the data from the four BC 52 samples also failed to 
identify any features common to all four samples. Commercial nanodiamonds were also 
analyzed on a muscovite substrate under the same conditions as the BC51 samples. The 
commercial nanodiamonds did not produce any significant peaks and instead produced 
too much fluorescence for the CCD. 
 
Figure 4. Commercial nanodiamonds on a muscovite substrate. No significant 
peaks were observed and the upward trend is due to fluorescence. 
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Figure 5. Raman results. Sample BC 51, which was confirmed to have 
nanodiamonds by Bement et al., on various substrates. A is a glass substrate; B is 
quartz; C is silicon; and D is muscovite. All the samples were run under the same 
Raman conditions. No significant Raman peaks were observed. The experimental 
conditions of the spectrometer were the same as for the commercial 
nanodiamonds. 
 
Discussion 
The nanodiamonds were not observable in any of the samples, even with 
commercial nanodiamonds and a sample that was already confirmed to have 
nanodiamonds. Most likely, the concentration of the nanodiamonds is too small to be 
detected by the Raman. However, trying to increase the power of the machine, the time 
for each measurement, or the number of captures per measurement all result in an 
excess of fluorescence that overwhelms the machine and produces data that trend 
upwards. Raman spectrometry is not currently a good method to use for screening for 
nanodiamond content. 
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Transmission Electron Microscopy 
Results 
The six samples from the Beaver site did not contain signs of nanodiamonds 
when scanned on the JEOL 2000FX TEM and therefore they were not examined under 
the JEOL 2010F High Resolution TEM. OF the six BC Clovis samples, only BC Clovis 
22c contained signs of nanodiamonds. However, when this sample was analyzed under 
the high resolution TEM, it was shown to contain objects with lattice structure that were 
amorphous in shape, and therefore unlikely to be nanodiamonds (Figure 6). This sample 
did contain two small (~2nm) round objects that were identified as likely to be 
nanodiamonds, pending further analysis (Figure 7).  
 
Figure 6. Objects with lattice fringes but without characteristic round shape, and 
are not likely to be nanodiamonds. Found in sample BC Clovis 22c. 
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Figure 7. TEM image of the two nanodiamond-like objects found in BC Clovis 22c. 
 
A new grid was prepared for BC 52, which had been confirmed to have 
nanodiamonds by Bement et al. (2014). Despite following the same preparation 
guidelines as used in the 2014 study, this BC 52 grid did not contain any nanodiamonds, 
though it did contain other carbonaceous material from the sediment digestion. 
Discussion 
None of the new samples were observed to contain any potential nanodiamonds 
for further analysis, with the exception of BC Clovis 22c. Further high-resolution 
analysis of BC Clovis 22c grains demonstrated that candidate grains were not 
nanodiamond. This sample had a great deal of matter that had lattice structure, but these 
grains were not in the characteristically round shape of nanodiamond and their d-
spacings (2.3 Å and larger) were inconsistent with nanodiamonds (less than 2.1 Å at the 
largest). Two small, round objects (Figure 7) were consistent with the expected size and 
morphology of nanodiamonds, but their d-spacings (about 2.2 Å) were also larger than 
what has been observed for nanodiamonds. No other nanodiamond-like objects were 
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observed in the sample. Since these 12 samples were not from the Younger Dryas or 
Younger Dryas Boundary layer, this was to be expected. 
A new TEM grid was prepared for sample BC52, which had previously been 
shown to contain a peak abundance of nanodiamonds by Bement et al. (2014). The 
same preparation methods that had been used by Bement et al. were used for this 
sample as well as all of the others, however no nanodiamonds were observed on this 
grid (2014). All of the sediment samples in this study, including the previously 
unanalyzed samples, were processed and stored in 2012, so it is possible that some sort 
of deterioration occurred in storage and it also is possible that the nanodiamond material 
stuck to the sides of the container while they sat in storage, and therefore did not make 
it onto the grid. However, the sample container was treated in an ultrasonic bath in 
order to dislodge material from the surface of the bottle.  
Since no nanodiamonds were observed in the new BC52 grid, it is also possible 
that some sort of similar deterioration happened to the other samples and that they may 
once have been able to show nanodiamonds, though it is just as likely that those 
samples never contained nanodiamonds in the first place. Since the problem has not 
been identified, it cannot be said with certainty whether or not the new samples have or 
have ever had nanodiamonds. Furthermore, future studies should exercise caution with 
how they store their liquid samples; the TEM grids that were prepared in 2012 showed 
no deterioration, in contrast to the liquid sediment digests. 
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Textural Analysis 
Results 
Images that were taken of samples with high peak abundances of nanodiamonds 
in the Bement et al. study were analyzed in order to characterize the textures of the 
individual grains. The samples dating to the Late Holocene had the most overall grains 
with which to work; the Younger Dryas had the second largest amount of grains, and 
the Younger Dryas Boundary was third (Table 4).  
 
Late Holocene 
Sample No Fringes Partial Continuous Linear Twins Non-linear Twins Star Twins Total 
BC 52 9 20 26 6 8 1 70 
BC 51 13 39 17 8 3 0 82 
Hearth 22 9 11 9 3 12 6 50 
Hearth 19 4 5 6 8 11 2 36 
Hearth 17 2 7 4 4 10 1 28 
Totals 37 82 62 29 44 10 266 
PreBoreal/Atlantic 
Sample No Fringes Partial Continuous Linear Twins Non-linear Twins Star Twins Total 
BC 38 0 3 1 1 2 0 7 
BC 36 0 0 0 1 5 0 6 
BC 35 3 8 5 4 4 0 23 
Totals 3 11 6 6 11 0 36 
Younger Dryas 
Sample No Fringes Partial Continuous Linear Twins Non-linear Twins Star Twins Total 
BC 25 2 5 1 0 0 0 8 
BC 24 22 26 7 1 12 1 71 
BC 23 0 4 1 0 1 0 6 
Lea 19 3 9 1 8 1 10 32 
Totals 27 44 10 9 14 11 117 
Younger Dryas Boundary 
Sample No Fringes Partial Continuous Linear Twins Non-linear Twins Star Twins Total 
BC 21 1 5 0 1 1 0 8 
BC 20 15 11 6 0 1 1 34 
Lea 20 11 20 18 1 3 2 55 
Totals 27 36 24 2 5 3 97 
Other 
Sample No Fringes Partial Continuous Linear Twins Non-linear Twins Star Twins Total 
Lea 22 7 13 17 4 4 6 51 
Table 4. Results of the textural analysis grouped by age.  
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The Younger Dryas Boundary nanodiamonds had the lowest ratio of linear to 
non-linear twins, significantly lower than the next lowest ratio of the Younger Dryas 
(Table 5). The Younger Dryas Boundary nanodiamonds had about the same ratio of star 
twins to twins as the Younger Dryas, both of which were relatively high. The Younger 
Dryas Boundary nanodiamonds also had by far the lowest ratio of twinned crystals to 
single crystals. 
 
Time Period Linear/Nonlinear Star Twins/Twins Twins/Single 
Late Holocene 0.54 0.12 1.34 
PreBoreal/Atlantic 0.55 0.00 2.83 
Younger Dryas 0.36 0.32 3.40 
Younger Dryas Boundary 0.25 0.30 0.42 
LEA 22 0.40 0.43 0.82 
Daulton et al. CVD 2.72 0.04 2.48 
Daulton et al. Shock 0.36 0.23 1.48 
Table 5. Ratios of linear to nonlinear twins, star twins to twin, and twins to single 
crystals for each age group. The Younger Dryas Boundary group has the lowest 
linear/nonlinear ratio by far, which is indicative of a CVD formation mechanism. 
CVD and shock detonation ratios taken from Daulton et al., 1996. 
 
Discussion 
Daulton et al.’s linear to nonlinear twin ratio was 2.72 for shock detonation and 
0.36 for CVD; their ratios for star twins to twins was 0.04 and 0.23 for shock detonation 
and CVD respectively; and their ratios for twins to single crystals were 2.48 for shock 
detonation and 1.28 for CVD (1996).   
For nanodiamonds investigated in this study, the Younger Dryas Boundary 
group has the lowest ratio of linear to nonlinear grain (0.25), though all of the age 
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groups have ratios closer to Daulton’s value for CVD than for shock detonation. The 
Younger Dryas Boundary group also had a star twins/twins ratio of 0.30 that more 
closely matches Daulton et al.’s CVD ratio (1996). In this case, the Younger Dryas 
group and LEA 22 both have star twins/twins ratios more suggestive of CVD as well. 
The Late Holocene and PreBoreal/Atlantic both have low star twins/twins ratios like the 
shock detonation ratio. However, the presence of star twins in the Late Holocene may 
rule out shock detonation as a singular formation mechanism for those nanodiamonds, 
since they can only form isotropically (Daulton et al., 1996).  
Finally, the Younger Dryas Boundary Layer group has by far the lowest ratio of 
twins to single crystals at 0.42, significantly lower than the ratios for both shock 
detonation and CVD. LEA 22 also has a small twins/single crystals ratio. The Late 
Holocene group’s twins/single crystal ratio is the closest match to Daulton’s CVD ratio. 
The PreBoreal/Atlantic group’s twins/single crystal ratio most closely matches 
Daulton’s shock detonation ratio. The Younger Dryas group’s twins/single crystal ratio 
is significantly higher than Daulton’s ratios for both shock detonation and CVD. 
The Younger Dryas Boundary Layer group most closely matches a CVD 
formation mechanism, while the PreBoreal/Atlantic group most closely matches a shock 
detonation mechanism. The other groups fall somewhere in between, though they lean 
more closely to a CVD mechanism. 
In order to better understand the relationship between nanodiamond textures and 
cosmic impact origins, it would be advisable to study the nanodiamonds found in the K-
Pg impact layer. While nanodiamonds have been observed near the crater, their textures 
have not been analyzed to the extent of this study (Carlisle & Braman, 1991). It would 
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be especially helpful to note how the abundance and textures of nanodiamonds might 
change with proximity to the impact crater.  
Other proposed origins of nanodiamonds include wildfires, lightning, and 
volcanism; though more research needs to be done to understand how these events 
might actually form nanodiamonds (Kinzie et al., 2014). The evidence for these 
alternative formation mechanisms is weak: fire does not get hot enough to form 
nanodiamonds without subsequently destroying them, nanodiamonds differ isotopically 
from cubic diamonds produced in the mantle, and no nanodiamonds have been found in 
fulgarites (Kinzie et al., 2014). Furthermore, it would be worthwhile to search for the 
process or processes that have produced nanodiamonds in the Late Holocene. 
Anthropogenic processes, such as nuclear bomb detonations and coal-burning power 
plants, that would not have affected the older layers, could have played a role in the 
formation of these recent nanodiamonds. Additionally, there is an impact crater in 
Kansas that is less than a thousand years old that could have produced the 
nanodiamonds in the Late Holocene (Hodge, 1994).  
It is important to note than the number of overall grains is highly variable 
between each group and that these initial ratios could very easily change with more 
available data. A large database of textural analyses from multiple spatial and temporal 
locations could be very useful for better understanding the link between textures and 
formation mechanisms. 
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